Summary Statement: As gravity decreases, humans reduce running takeoff velocities to minimize energy 1 from muscular work. Removing a person from the confines of normal gravity should allow them to achieve long 4 and high trajectories during the non-contact phase in running. Yet, in simulated reduced 5 gravity, runners consistently lower their vertical speed at takeoff from the ground-contact 6 phase, producing a flatter gait than in normal gravity. We show that this phenomenon results 7 from a tradeoff of energetic costs associated with ground contact collisions and frequency-8 based mechanisms (e.g. leg swing work). We asked ten healthy subjects to run on a treadmill 9 in five levels of simulated reduced gravity and measured their center-of-mass vertical speed at 10 takeoff. Vertical takeoff speeds decreased with the square root of gravitational acceleration.
low-gravity gait. This is an apparent paradox: in reduced gravity conditions, people are free to run with 27 much higher leaps, even with the same takeoff speed. Instead, they reduce their takeoff speed and flatten 28 the gait. Why should this be?
29
A simple explanation posits that the behaviour is energetically beneficial. To explore the energetic 30 consequences of modifying vertical takeoff speed in running, and to understand more thoroughly the dynamics 31 of the running gait, we follow Rashevsky (1948) and Bekker (1962) by modelling a human runner as a point 32 mass body bouncing off rigid vertical limbs (Fig. 1) . During stance, all vertical velocity is lost through an 33 inelastic collision with the ground (Fig. 1b) . Horizontal speed, however, is conserved. The total kinetic 34 energy lost per step is therefore E col = mV 2 /2, where m is the runner's mass and V is their vertical takeoff 35 speed (Fig. 1 ). Lost energy must be recovered through muscular work to maintain a periodic gait, and so
36
an energetically-optimal gait will minimize these losses. If center-of-mass kinetic energy loss were the only 37 source of energetic cost, then the optimal solution would always be to minimize vertical takeoff velocity.
38
However, such a scenario would require an infinite stepping frequency, as this frequency (ignoring stance 39 time and air resistance) is f = g/(2V ), where g is gravitational acceleration.
40
Let us suppose there is an energetic penalty that scales with step frequency, as
where k > 0. Such a penalty may arise from work-based costs associated with swinging the leg, which are 42 frequency-dependent (Alexander, 1992; Doke et al., 2005) , or from short muscle burst durations recruiting 43 less efficient, fast-twitch muscle fibres (Kram and Taylor, 1990; Kuo, 2001) . This penalty has minimal cost 44 when V is maximal and, notably, increases with gravity (this fact comes about since runners fall faster 45 in higher gravity, reducing the non-contact duration). Therefore, the two sources of cost act in opposite 46 directions: collisional loss promotes low takeoff speeds, while frequency-based cost promotes high takeoff speeds.
48
If these two effects are additive, then it follows that the total cost per step is
where A is an unknown proportionality constant relating frequency to energetic cost. As the function is 
56 as the only critical value. Here the asterisk denotes a predicted (optimal) value. Since E tot approaches 57 infinity as V approaches 0 and infinity (equation 1), the critical value must be the global minimum in the 58 domain V > 0. As k > 0, it follows from equation 2 that the energetically-optimal solution is to reduce the 59 vertical takeoff speed as gravity decreases. only four subjects. We tested the prediction of the relationship between V * and g by measuring the takeoff 64 speed in a larger number of subjects using a reduced gravity harness. using a harness-pulley system similar to that used by Donelan and Kram (2000) . The University of Calgary
70
Research Ethics Board approved the study protocol and informed consent was obtained from all subjects.
71
Due to the unusual experience of running in reduced gravity, subjects were allowed to acclimate at their 72 leisure before indicating they were ready to begin the two-minute measurement trial. In each case, the subject 73 was asked to run in any way that felt comfortable. Data were collected between 30 and 90 s, providing a 74 buffer between acclimating to experimental conditions at trial start and possible fatigue at trial end.
75
Implementation and measurement of reduced gravity
76
Gravity levels were chosen to span a large range. Of particular interest were low gravities, at which the 77 model predicts unusual body trajectories. Thus, low levels of gravity were sampled more thoroughly than 78 others. The order in which gravity levels were tested were randomized for each subject, so as to minimize 79 sequence conditioning effects.
80
For each level of reduced gravity, the simulated gravity system was adjusted in order to modulate the 81 force pulling upward on the subject. In this particular harness, variations in spring force caused by support 82 spring stretch during cyclic loading over the stride were virtually eliminated using an intervening lever.
83
The lever moment arm could be adjusted in order to set the upward force applied to the harness, and was 84 calibrated with a known set of weights prior to all data collection. A linear interpolation of the calibration 85 was used to determine the moment arm necessary to achieve the desired upward force, given subject weight 86 and targeted effective gravity. Using this system, the standard deviation of the upward force during a trial
87
(averaged across all trials) was only 3% of the subject's Earth-normal body weight.
88
Achieving exact target gravity levels was not possible since moment arm adjustment had coarse resolu- 
where V * is the energetically-optimal value. The least squares fit is shown as a dashed line. The fit has an R 2 value of 0.73 (N = 50). Data points are the average gravity and vertical takeoff speed across ten subjects, grouped by target gravity level. An exception is in one subject, where the lowest and second-lowest levels of gravity were both closer to 0.25 G than 0.15 G (G = 9.8 m s -2) ; therefore, both trials were grouped with the second-lowest gravity regime. From left to right, the sample sizes for means are therefore 9, 11, 10, 10, and 10. Error bars are twice the standard error of the mean. Data used for creating this graphic are given in Table S1 Figure 3: The energetic costs according to the model are plotted as a function of vertical takeoff speed for the five levels of gravity tested. The hypothetical subject has a mass of 65 kg and a frequencybased proportionality constant (A in E freq = Af 2 ) derived from the best fit in Fig. 2 . The collisional cost (E col ) does not change with gravity (black dot-dash line), while the frequency-based energetic cost (E freq , dotted lines) is sensitive to gravity, leading to an effect on total energy (E tot , solid lines). The optimal takeoff speed (yellow stars) changes with gravity only because frequency-based cost is gravity-sensitive; however, the unique value of the optimum at any given gravity level balances collisional and frequency-based costs. Gravity levels (g) are placed on the colours they represent.
